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Featured Application: The investigated device could be used to tune the resonant frequency of a
cantilever to harvest energy from vibrations to power wireless sensor networks for the Internet
of Things.

Abstract: The inability to tune the frequency of MEMS vibration energy harvesting devices is con-
sidered to be a major challenge which is limiting the use of devices in real world applications. Pre-
vious attempts are either not compatible with microfabrication, have large footprints, or use com-
plex tuning methods which consume power. This paper reports on a novel passive method of tuning
the frequency by embedding solid microparticle masses into a stationary proof mass with an array
of cavities. Altering the location, density, and volume of embedded powder will affect the resonant
frequency resulting in tuning capabilities. The experimental and computational validation of chang-
ing and tuning the frequency are demonstrated. The change in frequency is caused from varying
the location of the particle filler in the proof mass to alter the center of gravity. The goal of this study
was to experimentally and numerically validate the concept using macro-scale piezoelectric energy
harvesting devices, and to determine key parameters that affect the resolution and range of the fre-
quency tuning capabilities. The experimental results demonstrated that the range of the frequency
tuning for the particular piezoelectric cantilever that was used was between 20.3 Hz to 49.1 Hz.
Computational simulations gave similar results of 23.7 Hz to 49.4 Hz. However, tuning range could
be increased by altering the proof mass and cantilever design which resulted in a tuning range from
144.6 Hz to 30.2 Hz. The resolution of tuning the frequency was <0.1 Hz.

Keywords: Energy Harvester, Tuning, Frequency, Piezoelectric, Embedded Mass

1. Introduction

The internet of things (IoT) is comprised of numerous wireless sensor networks
(WSN), which consist of sensors, communications, processing unit, and power source.
Each system can have unique components for a specific application, but each WSN needs
a power source for sensing, electronics, and data transmission. Currently these are pow-
ered by batteries which fail overtime. As the demand for IoT increases, the need to create
a sustainable energy source to power the WSN increases. Numerous energy harvesting
methods have been developed to resolve this issue including photovoltaics, thermal, and
vibration or kinetic energy harvesters [1, 2]. Vibration-based energy harvesters offer more
diversity as most applications have some mechanical vibration that operates continu-
ously. Kinetic energy harvesters can use different transduction mechanisms such as elec-
tromagnetic, electrostatic, piezoelectric, or triboelectric, but piezoelectric offers significant
advantages such as high voltage output and less complex fabrication techniques for mi-
croelectromechanical systems (MEMS). There has been some initial research
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demonstrating the integration of kinetic energy harvesters into WSN at both the micro
and macro scale [3, 4]. However, MEMS based kinetic energy harvesters have several chal-
lenges which have limited their success.

Challenges associated with MEMS kinetic energy harvesters include low power den-
sity, narrow bandwidth, lack of frequency tuning, and reliability. Extensive research has
been conducted on methods of increasing power density through optimizing materials,
stress, electrode configuration, power management, and cantilever design [5-11]. Cantile-
vers are defined as a thin structure with a fixed end and a free end. MEMS energy har-
vesters typically have a narrow bandwidth (1-3 Hz) as they need a high Q-factor to in-
crease power density, but a narrow bandwidth prevents the device from being used in
applications with varying resonant frequencies. Researchers have investigated numerous
methods to increase bandwidth using non-linear dynamics [12-14], creating an array of
devices with different frequencies [6, 15], movable mass [16-23], and using repulsive and
attractive forces to slow or accelerate the cantilevers dynamics [24-27]. However, most of
these methods either significantly decrease the power generated or they only slightly in-
crease bandwidth to cover resonate frequency errors due to manufacturing. Most appli-
cations where energy harvesters would be used to power WSN have low frequency vibra-
tions (< 250 Hz) and low accelerations (<1 g) but the frequency can change from applica-
tion to application which makes creating a universal device difficult.

Tuning the frequency is another viable method to optimize power generation by
matching the resonant frequency of the energy harvester to the vibration frequency. There
are two scenarios where tuning the frequency is necessary. The first is during operation;
if the frequency spectrum of the vibration changes and the bandwidth of the device is
narrow then the power generated will be significantly lower than expected. In this case, it
would be ideal if the energy harvester’s frequency could be tuned to match the new vi-
bration frequency. There has been several attempts to overcome this, including methods
of altering the stiffness through light or electrical stimulation [28, 29]. Other methods in-
clude altering the mass distribution using magnetics [30-32]. However, these methods re-
quire energy to tune the frequency thus reducing the overall power generated.

The second scenario that requires tuning is during manufacturing. The advantage of
MEMS energy harvesters is their ability to be batch fabricated to reduce cost, but with a
narrow bandwidth (1-3 Hz) this means each device would need to be custom designed to
meet the end-users’ specifications of a particular application which significantly reduces
the appeal of using MEMS energy harvesters. Therefore, there is a strong demand to create
a MEMS energy harvester that could be tuned during manufacturing to take advantage
of the batch fabrication capabilities. Researchers have investigated methods to tune the
frequency by etching or removing sections of the cantilever or length [33]. However, this
affects the dynamics and requires complex fabrication techniques. Researchers have tuned
the frequency by adding mass through deposition or pick-and-place machine to reduce
the frequency [31, 34]. A recent conference paper by the authors demonstrated tuning ca-
pability using a proof mass cavity array to distribute the mass along the cantilever, which
is the basis of this study [35].

This paper investigates a method to resolve the issue with tuning the frequency dur-
ing manufacturing by creating a custom designed cavity array proof mass, which can be
filled individually to redistribute the mass load on the cantilever using solid micro/nano
particles. Filling specific cavities will alter the total mass thus changing the resonant fre-
quency, but by varying the location, volume, and density of the filler, the resonant fre-
quency can be finely tuned with a long frequency range. The goal is to increase both fre-
quency tuning range and resolution. This study investigates altering the mass load distri-
bution to tune the frequency using a macro-scale piezoelectric cantilever structure, but the
concept could be scaled down to the micro-scale and could also be applied to various
shaped structures. Accomplishing this task would allow manufacturers to create a single
energy harvester device, that could be customized using back-end fabrication to fill spe-
cific cavities to meet the end user’s specifications. The method is validated both
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experimentally as well as numerically through finite element modelling (FEM) using var- 98

ious particles and a commercial low frequency piezoelectric cantilever. 99
2. Materials and Methods 100
2.1. Concept 101

A simplified equation for predicting the 1+ resonant frequency mode of a cantilever 102
with point proof mass-based beam theory is given by the following equation [5, 20, 36]: 103

;= {i \/%} \/% 1) 104

where E, m, w, t, and L are the elastic modulus, proof mass, width, thickness and length 105
of the beam respectively. To tune the frequency one of these parameters would need tobe 106
altered. Altering the physical dimensions (L, t, and w) have been attempted using etching 107
or laser dicing, but these are not practical for batch fabrication. Altering the elastic modu- 108
lus can be done by adding additional layers to change the stiffness but then this affects 109
the neutral axis which could alter piezoelectric performance. Therefore, altering the proof 110
mass is the easiest method to change the resonant frequency during manufacturing. Equa- 111
tion 1 assumes the proof mass is a single point with a center of gravity at the centroid of 112
the proof mass. The concept of altering the proof mass to reduce resonant frequency can 113
also be applied to other structures such as plates, fixed-fixed suspensions, and mem- 114
branes. However, changing the location of the center of gravity of the proof mass will also 115
affect the resonant frequency as illustrated by equation 2 which combines equation 1 with 116
the Rayleigh principle [19, 20, 37]: 117

1 Ewt3 6r2+6r+2
f== |— S (2) 118

T 2m [12ML3 gré4 1413 410,512 +4r+5

119

where r=l/L. where l. is the length location of the center of gravity. Thus, shifting the center 120
of gravity to the free end will reduce the frequency and shifting center of gravity closer 121
towards the tethered end will increase frequency. The center of gravity along the width 122
also influences the resonant frequency and higher order resonant frequencies that havea 123
twisting motion. However, the goal of this study was to investigate the 1t order out-of- 124
plane mode as this is the most common mode used to harvest high power density energy 125
harvesters. These equations illustrate that altering the magnitude and location of the mass 126
will alter the resonant frequency. 127
The tuning method investigated in this study involves creating a proof mass withan 128
array of cavities which can be filled with a solid mass (microparticles) to alter the center 129
of gravity, which should alter the resonant frequency. By modifying the type of particles 130
(density), volume, and location of the filled cavities, the cantilever should be capable of 131
being tuned. The resolution of tuning should be dependent on the volume of the cavity, 132
whereas the range of tuning should be dependent on the change in the overall mass. Thus, 133
higher density and volume should increase the potential range of tuning. Figure 1 (a and 134
b) illustrate the schematic of the proof mass with cavities. An example of the nomenclature 135
used in this paper to identify the cavities is H24, where the first digit represents the row, 136
and the second digit represents the column number. 137
138



Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 13

(a)

3D printed
roof mass

Accelerometer
Proof Mass

Rows

——~ Piezo Cantilever
y -

Vibration Shaker

Figure 1. (a) Schematic of piezoelectric cantilever with custom made proof mass consisting of 9 x 7
array of cavities with 3 x 3 x 20 mm and top capping layer, (b) top view of arrays with labelled rows
and columns, (c) image of testing setup with vibration shaker and oscilloscope, and (d) Image of the
mounted device on a vibration shaker.

2.2. Energy Harvesting Device

Commercial lead zirconate titanate (PZT)-based piezoelectric cantilevers were used
to validate the concept. A low frequency (125 Hz w/no mass) cantilever (Mide, V25W)
with dimensions of 57.2 x 38.1 x 0.6 mm (L, w, and t) and a higher frequency (440 Hz w/no
mass) cantilever (Mide, S233-H5FR-1107XB) with dimensions of (53 x 20.8 x 0.83 mm)
were used. Most of the results illustrated in this paper used the low frequency (V25W)
cantilever unless specified. The high frequency cantilever was used to illustrate methods
of increasing frequency range. The proof mass was 3D printed using polylactic acid (PLA)
and an Ultimaker S5 printer. The proof mass had dimensions of (30 x 38.1 x 20 mm) with
a 1 mm thick capping layer. The initial proof mass had a 9 x 7 cavity array of 3 x 3 x 20
mm. Additional proof masses of 5 x 7 arrays were made to determine effects of increasing
cavity size on tuning ability. The overall mass of the (0% filled) 9 x 7 proof mass was 12.76
grams, and the 5 x 7 proof mass was 13.22 grams. The proof masses were then bonded to
the cantilever. A rectangular shaped proof mass was chosen due to the rectangular shape
of the cantilever, where the width of the proof mass was equal to the width of the cantile-
ver. The size of the cavities was selected based on the array size and overall width of the
proof mass.

2.3. Cavity Filling

The density and fill factor for the particles will alter the overall mass. Three different
powders consisting of microparticles were investigated with varying densities (Tungsten,
Molybdenum, and Silica). The three different types of particles had significantly different
densities which is why they were selected to demonstrate large changes in overall mass.
Tungsten and Molybdenum powders were purchased from Elmet technologies (W= UX-
5 with an average diameter of 75 um and a density of 7 g cm-%). Molybdenum powder had
an average size of 40 pm and a density of 3 g cm?3. The silica powder was purchased from
GoodFellow which had an average size of 45 um and a density of 2.13 g cm. However,
the average filling density will be affected by the fill factor which is dependent on filling
technique, size, and shape of the particles. The effective density of the powders and fill
factors were measured by filling the cavities of known volume and measuring the increase
in mass after filling. The process was repeated 25 times to get an average fill factor. The
fill factor was determined based on the measured density and the manufacturers specified
density. No additional treatment was done to the powders prior to filling the cavity. The
cavities were filled using a syringe and leveled using a doctor blade to prevent overfilling.

2.4. Experimental Testing

The cantilever with proof mass was mounted on a vibration shaker (ET 139, Lab-
works) as shown in Figure 1c. A clamp with metal screws was used to mount it to the
shaker. An accelerometer was mounted to provide feedback control with <0.01 g accuracy.
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The accelerometer was used to determine how much acceleration was being applied to 181
the cantilever as power output is dependent on applied acceleration. The piezoelectric 182
cantilever was connected to an oscilloscope (Tektronix 100 MHz with 5 GS/s sampling 183
rate). This setup has been described in more detail previously [6]. The open circuit peak 184
to peak voltage was measured and the frequency was swept to determine the resonant 185
frequency. The power generated was measured by matching the impedance, but the ma- 186
jority of data illustrates the open circuit Vpp as the goal of this study was to illustrate fre- 187
quency tuning which can be analyzed using open circuit voltage. Only the output voltage 188
associated with the 15t resonant frequency mode was measured in this study as it provides 189
the highest voltage output at the lowest frequency which is the primary mode used in 190
energy harvesting devices. The frequency sweep was performed at a rate of 0.02 Hz/s. The 191
applied acceleration of 0.2 g was used in this study as most kinetic energy harvesting ap- 192
plications operate with < 0.5 g. The 1% resonant frequency mode was determined to be the 193
frequency with the highest output voltage at the lowest frequency. To determine the po- 194
tential frequency tuning range, the control (cantilever with 0% filled cavities was used as 195
the reference) was used as the upper limit and a 100% cavity filled mass was used as the 196
lower limit. To determine resolution and effects of varying the center of gravity location, 197
we filled individual cavities and proceeded to fill entire rows and columns to determine 198
their effects on tuning. 199

2.5. Computational Modelling 200

COMSOL Multiphysics FEM was used to simulate the modal analysis of the cantile- 201
ver with integrated proof mass, as this could be used as a tool to determine which cavities 202
to fill and what density filler to use to achieve the specified resonant frequency. The com- 203
mercial cantilevers consisted of multiple stacked layers including FR4 (glass-reinforced 204
epoxy resin used in printed circuit boards), PZT, and Cu layers. The overall cantilever 205
consists of stacked films of FR4/Cu/PZT/Cu/FR4. The PZT layer is the piezoelectric film 206
(190 pm) which requires a top and bottom electrode consisting of Cu layers (30 um each) 207
and the FR4 was used as a protective layer and to alter the stiffness of the cantilever. A 208
cantilever without a proof mass was used originally to model the cantilever. Since the 209
elastic modulus of each layer can vary significantly depending on how it is manufactured 210
the stacked beam was considered as a single hybrid layer. To create an accurate FEM, we 211
experimentally determined the modal analysis frequencies of the cantilever and then ad- 212
justed the elastic modulus of the cantilever in COMSOL until the FEM resonant frequency 213
matched the experimental results. The elastic modulus of the stacked layers was deter- 214
mined to be 52 GPa, which makes sense since PZT has a modulus of (70-120 GPa), Cu (110 215
GPa) and the average FR4 is 26 GPa. Due to laws of mixture an elastic modulus of 52 GPa 216
is a reasonable value that matches the experimental data. The cavity filler in the FEM was 217
assumed to be a solid rectangle with a density that matched the particle density specified 218
by the manufacturer. A tetragonal finer mesh was used with a minimum element size of 219
0.185 and the tethered end of the cantilever was anchored. The placement of the filler mass 220
varied and the 1% resonant frequency mode was monitored and compared to the experi- 221
mental data. Figure 2 illustrates the FEM of the cantilever and proof mass. 222
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Figure 2. COMSOL Multiphyscis simulation displacement results of the cantilever and proof mass. 224
225
3. Results and Discussion 226
3.1. Density of Fillers 227

The microparticles will not occupy the entire volume of the cavity due to the shape 228
of the particles, so there will be some empty space occupied by air. Therefore, the effective 229
density of the filled cavity will not be the same as the density of the individual particles. 230
The effective density and the average fill factor were needed to accurately determine the 231
average mass added to each cavity. The fill factor represents the volume of particles asa 232
function of cavity volume. The fill factor was determined by first measuring the mass be- 233
fore and after adding the filler to the cavity, which can be used to determine the experi- 234
mental density based on the volume of the cavity. Then the fill factor was determined by 235
dividing the experimental density by the manufacturers measured density of the particles. 236
If there were no air gaps, then the density values would be equal, and the fill factor would 237
be 100%. The effective densities of the three powders used are illustrated in Table 1, where 238
the average density is based on volume and average mass used to fill an individual cavity. 239
The individual particles still have the same density as determined by their specifications, 240
but due to gaps between particles, the effective density was decreased. The average fill 241
factor was dependent on size of the particles, as smaller particles resulted in higher fill 242
factor. However, since all the filler particles had similar size the fill factors were similar 243
resulting in W having the highest effective density followed by Mo and then Silica, which =~ 244
was expected. The fill factor could be improved by using a compression method or smaller 245
particles, but for this study we wanted to determine the effects of fillers with different 246
densities. 247

Table 1. Filler Density Measurements 248

Filler Material (avg. size) =~ Average Density (g cm?) Average Fill Factor (%)

Tungsten (75 pm) 4.33+0.152 61.8% £2.8%
Molybdenum (40 pm) 2.19 £0.085 73.2% +1.5%
Silica (45 pm) 1.48 £ 0.088 69.4% *1.6%

249

3.2. Tuning Range 250

Frequency as a function of power output was used to illustrate the tuning range that 251
was achievable for the given cantilever with various fillers. The cantilever with empty 252
proof mass was used to represent the maximum frequency while the proof mass with all 253
of the cavities filled (100%) were used to illustrate the minimum frequency that could be 254
achieved with the various powders. The results are shown in Figure 3a for the V25W 255
cantilever which had an intial resonant frequency of 125 Hz without a proof mass. Adding 256
an empty proof mass/cap decreased the resonant frequency to 49.1 Hz due to the 257
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additional weight. Filling the proof mass with the various powders decreased the 258
resonant frequency. The resonant frequency for the 100% filled cavities were 29.5, 25.4, 259
and 21.7 Hz for silica, Molybdenum, and Tungsten respectively. The silica filled proof 260
mass had the least weight per cavity and resulted in the lowest potential tuning range of 261
19.6 Hz (40% tuning reduction), while the Tungsten filled proof-mass demonstrated a 262
tuning range of 27.4 Hz (55.8% tuning reduction). The output power also increased as 263
mass increased due to increased stress/strain which resulted in increased power. The FEM 264
simulated resonant frequency for Tungsten filled solid proof mass resulted in a frequency 265
of 22.55 Hz (3.92% error from the experimental data). The error is likely due to the 266
potential error in filling each cavity with the same mass, as the fill factor and density of 267
the powders had some variation as shown in Table 1. 268

The tuning potential of the V25W cantilever was relatively low as the initial 269
frequency with proof mass was low (49.1 Hz), which limited the potential tuning range as 270
adding mass can only decrease the resonant frequency. However, high frequency 271
cantilevers should demonstrate increased tuning range. To demonstrate this, a higher 272
resonant frequency (440 Hz) cantilever ( Mide, 5$233-H5FR-1107XB ) was investigated with ~ 273
the same empty proof and then filled the cavities with 100% Tungsten. The results are 274
shown in Figure 3b, where the cantilever with empty proof mass had a frequency of 144.6 275
Hz. When the cavities were filled with Tungsten powder, the resonant frequency 276
decreased to 30.2 Hz, thus demonstrating a 114.4 Hz tuning range potential (79.1% tuning 277
reduction). The tuning range could be further increased by decreasing the mass of the 278
initial proof mass, increasing initial frequency of the cantilever, or increasing the 279
amount/density of the filler. The power output values between the two different 280
cantilevers were different due to the dimensional changes which affects the frequency and 281
voltage output. 282

To further illustrate methods to increase tuning range, the cavity dimensions were 283
increased from 3 x 3 mm to 4.8 by 4.8 mm (5 x 7 array) and the gap spacing between the 284
cavities was reduced to 0.5 mm instead of 1 mm. This resutled in a decrease in the initial 285
proof-mass, but allowed for increased mass from the filler. For the V25W cantilever, this 286
resulted in an empty proof mass frequency of 53.7 Hz (increase of 4.6 Hz or 9.37%) and a 287
100% Tungsten filled resonant frequency of 19.2 Hz (decrease of 2.5 Hz or 11.5%) 288
illustrating a tuning range of 34.5 Hz (64.3% reduction) compared to the 7 x 9 array which 289
had a tuning range of 27.4 Hz (55.8% reduction). Therefore, optimizing the cavity array 290

dimensions could be used to further increase the tuning range in the future. 291
(@) 125 Hz Cantilever (b) 440 Hz Cantilever
50 18
—=— Empty Proof Mass 16 —=— Empty Proof Mass
] —e— Silica (100% filled) = —e— Tungsten (100% Filled)
40 —a— Molybdenum (100% filled) 14
—v— Tungsten (100% filled) 12
s s
E 30 E 104
= [
[} = 84
z
8204 g 6l
44
104
2
ol 0 e -
10 20 30 40 50 0 20 40 60 80 100 120 140 160
Frequency (Hz) Frequency (Hz)

292
Figure 3. Experimental results illustrating power as a function of frequency for the 1% resonant 293
frequency mode (a) low frequency cantilever (V25W) with various filled proof masses and (b) high 294
frequency cantilever (5233-H5FR-1107XB) with empty and Tungsten filled proof mass. 295

296
3.3. Tuning Resolution 297
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The frequency tuning resolution that can be achieved is also important, as most low 298
frequency MEMS energy harvesting devices have narrow bandwidths of approximately 299
1-3 Hz (approximately 1% of the resonant frequency) [5, 6]. Therefore, the ability to tune 300
the frequency to sub-Hz resolution is desired to maximize power output. Individual 301
cavities were filled with various powders to demonstrate the potential frequency tuning 302
resolution that could be achieved. Figure 4 illustrates the frequency values for filling the 303
middle column cavities in the 7 x 9 array. The results illustrate that filling the free end 304
Row 1 (H15) middle cavity had the largest change in frequency of 1 Hz, 2.9 Hzand 3.5 Hz 305
for Silica, Mo, and W respectively. However, filling the last row closer to the tetered end 306
(H75) had the least change resulting in change of frequency of 0.1 Hz, 0.5 Hz, and 0.7 Hz 307
for Silica, Mo, and W respectively. The results were expected as equation 2 illustrates that 308
as the center of gravity moves closer to the free end, the frequency will decrease compared 309
to a central center of gravity. The frequency was dependent on the density of filler as W 310
powder demonstrated a larger change in frequency than Silica or Mo filled cavity, given 311
the same filled cavity. Figure 4b demonstrates that FEM model had similar results 312
compared to the experimetnal data thus validating the model. 313

(a) (b)
50.0 50.0

—=— Tungsten 1 |==— Experimental
4957 |« Siiica 4957 | Fem simulated

49.0- |—*— Molybdenum 49.04
<485] /—_/ 54851
T 480 = 48.0
3 3
5 47.59 S 47.5
247.0 547.0-
2 3
I 46.5 - 46.5 -

46.0 46.0
45.5 45.5

]
2t .
S e —
H15 H24 H35 H45 H55 H65 H75 H15 H25 H35 H45 H55 H65 H75

Individual hole along middle column Hole position along Middle column

314
Figure 4. (a) Experimental results illustrating 15t mode resonant frequency as a function of filling 315
indivdual cavities along the middle column with W, Mo, and Silica powders, (b) results of simulated 316
FEM versus experimental results of W filled cavities, and (c) image of filled column. 317

The frequency impact on tuning resolution by filling a row instead of a column is 318
illustrated in Figure 5 where the middle row cavities were filled (H4n) were n is the 319
various columns in the array. Filling cavities along the row had little impact on the 320
resonant frequency as it was mostly influenced by the overall change in mass and not the 321
location of the cavity. The frequency difference from filling the middle cavity (H45) versus = 322
filling the most lateral cavity (H41) was 0.5 Hz, 1 Hz, and 0.5 Hz for Silica, Mo, and W 323
respectively. However, there was a frequency reduction from the original frequency of 324
49.1 Hz for all proof masses, where W had the largest reduction which was expected. This =~ 325
illustrates that additional mass added to lateral cavities reduces the frequency due to the 326
mass change but not due to lateral location, so filling these cavities could be used to tune 327
the frequency with sub-Hz resolution. The lateral filled cavities could help to reduce the 328
2nd frequency mode which has a twisting motion, but this mode would have higher 329
frequency and lower displacement resulting in low power density, so we primarily 330
investigated the 1t mode. Figure 5b illustrates a similar results between FEM and 331
experimental. 332
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333
Figure 5. (a) Experimental results illustrating 15t mode resonant frequency as a function of filling 334
indivdual cavities along the middle row with W, Mo, and Silica powders, (b) results of simulated 335
FEM versus experimental results of W powder, and (c) image of filled row. 336

The dimensions of the proof mass cavities have a significant influence over the range 337
and resolution of the tuning capabilities. Figure 6 illustrates the impact of usinga 7x9 338
array with smaller width and length of cavities compared to a 5 x 7 array with larger 339
cavities. The overall dimensions of the proof mass remained the same except for the cavity 340
and gap dimensions. The results illustrate that the larger cavities from the 5 x 7 array 341
caused a decrease in frequency for any given filled column. Since filling the columns 342
resulted in a symmetric frequency change as shown in Figure 5, the filling order doesnot 343
have an influence on the resonant frequency. 344

The order of filling the columns did not significantly influence the resonant 345
frequency because the lateral location has little impact on the 1% frequency mode, so the 346
effective change in frequency was due to the change in overall mass. However, filling 347
consecutive rows should have an influence as per equation 2. The experimental results of ~ 348
1t mode frequency as a function of filling rows of cavities in both directions (free end to 349
tethered end) and (tethered end to free end) for W filled cavities are illustrated in Figure 350
7. The colored space between both of these curves represents the possible frequency 351
values that could be achieved by filling the cavities. The results show that any specific =~ 352
frequency can be achieved within the given range. Mismatching different types of fillers 353
could also be used to enhance resolution even more, for example, you could fill H45 with ~ 354
W to reduce the frequency and then fill cavity H41 with silica to obtain large range with 355
high resolution. 356

=== 7 x 9 Array
=== 5 X 7 Array

N
o
1

5351 .

z

: L
< 30+ \ ‘
s I
L 25

N
o
1

0 2 4 6 8 10
Consecutive Columns

Figure 6. Experimental results illustrating 1t mode resonant frequency as a function of filling 357
consecutive columns starting with the most lateral (C1) using W powder for both a5 x 7 array and 358
a7x9 array. 359
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—— Filling from Free end to tethered
—— Filling from tethered to Free end
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Figure 7. Experimental results illustrating 1t mode resonant frequency as a function of filling
consecutive rows in both directions (black free end to tethered) and red (tethered to free end).

3.4. MEMS Tuning Simulation

To illustrate the potential tuning capability at the MEMS scale, COMSOL FEM was
used to simulate the results. A silicon cantilever with dimensions of 9.5 x 11 x 0.025 mm
(w x1x t) was developed based on previous research [5, 6]. A silicon proof mass (650 pm
thick) with an array of 38 x 38 cavities that were 235 x 235 pm squares were simulated. A
solid rectangle of W with density of 4.33 g cm™ was used to fill the cavities. The result of
filling consectutive rows in both directions (free end to tethered end and tethered to free)
is illustrated in Figure 8. In the figure the x-axis represents consecutive filled rows, so 2
on the x-axis represents (red line filling row 1 and 2, whereas black line represents filling
row 37 and 38). The results demonstrate the potential to have a tuning range from 178 Hz
to 59 Hz using standard MEMS energy harvesting devices. The tuning range could be
further increased by increasing the density of the filler or decreasing the density of the
proof mass. The results illustrate the potential to use this method in a scaled down device.
However, developing methods of dispensing the particles into sub-mm cavities would
need to be further investigated.
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Figure 8. Simulated frequency tuning range of MEMS cantilever filled with W powder. The black
dashed line shows the frequency by filling consecutive rows from the tethered to free end and the
red line shows filling from free end to tethered end. The area between the curves demonstrates all
the possible frequencies that could be achieved.

4. Conclusions

The paper demonstrated a passive method of tuning the frequency of an energy har-
vesting cantilever structure during manufacturing by adjusting the mass-load distribution
along the cantilever. The method was experimentally and numerically validated using
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macro-scale piezoelectric energy harvesting cantilever with a custom designed 3D printed
proof mass consisting of an array of cavities that were filled with various microparticles
with varying density. This method could be applied to MEMS devices by filling cavities
at the back-end processing steps to meet frequency specifications needs. The results illus-
trate that a wide range of frequency tuning was achieved which was dependent on the
initial resonant frequency of the cantilever, mass of the empty proof mass, overall volume
of cavities available to be filled, density, and fill factor of the microparticles. The resolution
of the frequency could be sub-Hz, which was dependent on individual cavity volume,
density and fill factor of microparticles, and location of the cavity. Overall, the method
used has numerous advantages including: ease of implementation, infinite possible fre-
quency outcomes (by using multiple powders) and proof-mass designs. The potential
scalability of the method is also advantageous. The concept was illustrated using a rectan-
gular proof mass with square cavities, but the concept could be applied to other shapes as
well.
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